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Abstract. The shear resistance behavior of beam-column joint decides the ductile
performance of the reinforced concrete (RC) framed structure. The brittle nature
of concrete fails to resist the alternate diagonal compression and tension at the
joint region and leads to shear failure. The use of closely spaced stirrups at the
plastic hinge region of the joints leads to construction difficulty and works up
to a certain extent in providing ductility. The use of discontinuous steel fiber in
concrete (SFRC) is one of a kind to improve the joint shear resistance. But the
higher volume of steel fiber leads to fiber balling and workability issues which
restricts the efficiency of SFRC in joint shear resistance. The absence of coarse
aggregate and presence of fine mineral admixtures in high performance fiber rein-
forced cementitious composites (HPFRCC) overcome the issues with SFRC and
enhances the ductility and damage tolerance of joint. In this study the HPFRCC
is used at the joint region without critical detailing and tested under reverse cyclic
loading. The presence of 1% synthetic fiber and better fiber dispersion improves
the crack bridging ability of HPFRCC and allows dense micro cracks formation
at the hinge region. The hysteresis curve shows improved shear strength and the
post failure analysis shows that the formation of multiple micro cracks enhances
the displacement ductility. The use of HPFRCC in the joint region eliminates the
need of seismic detailing without compromising the shear resistance and eases the
construction activity with improved ductility.

Keywords: HPFRCC - Exterior beam-column joints - Cyclic loading - Damage
tolerance - AJI2010 - IS-13920:2016

1 Introduction

Beam column joints have vital role of transferring forces from beam and column to foun-
dation. During earthquake, joints experience huge amount of shear forces, these forces
are resisted by strut and tie mechanism. The brittle nature of concrete commonly fails by
bond slipping, concrete spalling and brittle shear failure. There are two major ways to
increase the shear strength of joint, one is to provide adequate shear reinforcement which
helps to provide confinement to core concrete, and another way is to increase perfor-
mance of concrete in joint region and probable plastic hinge region. But additional shear
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reinforcement in the joint region causes congestion in joint area and creates construction
difficulties. In past few decades various innovative research using different confinement
ratio, steel fiber reinforced concrete (SFRC), external strengthening using reinforced
concrete (RC) jacketing has been carried out to increase the shear capacity of joint. The
use randomly distributed steel fiber in concrete helps to enhance the performance of
concrete by fiber crack bridging action and early crack resistance mechanism. Perfor-
mance of SFRC mainly depends of fiber volume and properties of steel fibers. Steel fibers
increases mechanical properties of concrete like compression, bending, tensile strength,
toughness. Use of SFRC in beam-column joint have resulted in enhanced ductility, shear
resistance and energy dissipation and acts as secondary transverse reinforcement (Jiuru
et al. 1992). Increased percentage of steel fiber creates workability issues and creates
problems like fiber balling, honey combing therefore it is limited to 2-3%. To eliminate
the limitations of SFRC, High Performance Fiber Reinforced Cementous Composites
(HPFRCC) is emerged. In HPFRCC coarse aggregates are replaced by various types of
fibers such as polymer, steel, carbon etc... and mineral admixtures such as fly ash, silica
fume, ground granulated blast furnace slags etc. Proper distribution of fibers and absence
of coarse aggregate provides strain hardening properties. HPFRCC are more ductile than
conventional concrete and SFRC. HPFRCC possess strain hardening and fine multiple
cracking characteristics under tension. The toughness behavior of HPFRCC prevents
crushing and spalling of concrete and allows the rebar to yield and exhibits ductile
failure with improved energy dissipation.

According to Li et al. (2003) HPFRCC have multiple cracking and strain harden-
ing characteristics in tension along with enhanced ductile properties. Chao et al. (2009)
conducted experiments to study bond behavior and tensile properties of HPFRCC, obser-
vation from test shows that fiber bridging provides post cracking strength and limits crack
width this leads to enhanced bond strength. HPFRCC also shows damage control abil-
ity and stiffness retention capacity. Parra-Montesinos et al. (2009) conducted study on
interior beam column joint with HPFRCC and observed that joints have higher damage
tolerance capacity and allowed to increase spacing of transverse reinforcement. Yuan
et al. (2013) investigated beam column joints with ECC. Results shows that ECC shows
improvement in ductility and load capacity and additional axial load limits propagation
on cracks in joint core. Fakharifar et al. (2014) Extensively investigated mechanical
properties of HPFRCC such as compression, bending and impact and proposed equa-
tion’s and also observed that increased fiber percentage increases number of blow count.
Chidambaram et al. (2015) investigated effect of HPFRCC in beam column joint and
use of HPFRCC in joint resulted in change of failure pattern to ductile and Joint with
HPFRCC can be 2 to 3 times more ductile than normal concrete with widely spread crack
at joint and minor cracks in beam and joint region. Li et al. (2017) used HPFRCC for
retrofitting of column, ductility of repaired columns was 29% and load carrying capacity
was 14% of original column. Saghaf et al. (2019) investigated feasibility of HPFRCC
in beam column joint for seismic loading. Joint remained intact without any cracks this
implies shear requirements satisfies without any transverse reinforcement.

Research Significance
Many experimental studies have been carried out to highlight the damage tolerance and
efficiency of HPFRCC in beam column joint. Very limited research has been done to
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predict shear strength of joint with HPFRCC. Available codes are unable to predict the
HPFRCC joint shear strength. Based on type of fibers used in composite, modification
factors have been proposed for IS 13920:2016 and AJI-2010 and validated using the
experimental data and data from various literatures.

2 Experimental Program and Materials
An experimental study is carried out to study the effect of ECC with moderate confine-

ment in the beam-column joint hinge region. Mix ratio of concrete and composites are
given in Table 1.

Table 1. Mix ratio of concrete & composites

Specimen ID Cement | Fine aggregate | Coarse aggregate | Fly ash | Water Binder ratio
Normal concrete | 1 1.55 5.27 - 0.45
HPFRCC-1 1 0.75 - 0.25 0.33

Cylindrical specimens with 100 mm diameter and 200 mm height have been cast
and tested under uniaxial compression testing. The compressive strength of the different
composites is shown in Table 3. Two exterior joint specimens, one with normal concrete
and another with 1% polypropylene fiber based ECC are constructed and tested under
quasi-static loading. HPFRCC composite was placed in the plastic hinge region as shown
in Fig. 2. A schematic illustration of the experimental test setup is presented in Fig. 1. and
reinforcement details are given in Table 2 Joints were without seismic detailing prepared
as per design recommendations of IS 456-2000, cyclic loading protocol is provided as
per FEMA 461 loading protocol (Fig. 3).
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Fig. 1. Reinforcement details. Fig. 2. Location of HPFRCC in joint.
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Fig. 3. Test setup.

Table 2. Reinforcement details

Specimen ID | Beam reinforcement Column reinforcement | Transverse reinforcement
NC All specimens are All specimens are All specimens with
HPFRCC reinforced with 3®10 at | reinforced with 4912 | $6@100 mm in column
top and bottom (ratio = | (ratio = 1.97%) and ®6@120 mm in
1.57%) beam
Table 3. Compressive strength
Specimen ID Polypropylene Fibers % | Steel fibers (%) | Cylinder Compression Test
(MPa)
Normal concrete | — - 20
HPFRCC-1 1% - 23

3 Results and Discussion

3.1 Failure Mode and Crack Propagation

Figure 4 shows crack pattern of both specimens at the final stage. The first crack was
observed at 22 mm away from the face of the column in the plastic hinge region of
conventional specimen NC. The first crack load was of 21.6 kN with drift ratio of 1%.
Later as the test proceeded, cracks are formed within the beam plastic hinge regions from
the face of the column. A peak load of 30 kN at the drift ratio of 2.83% was observed.
At 5% drift crushing of concrete stared, as shown in Fig. 4. Brittle failure with crushing
of concrete and buckling of reinforcement were observed. Failure was shifted to local
failure because of the higher stiffness of the column than a beam, but the absence of
adequate confinement in the hinge region failed to restrict the rebar buckling.
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In HPFRCC specimen the first crack was observed at 20 mm away from the face of
a column in the plastic hinge region and at a load of 28.1 kN which is 30% more than
NC with a drift ratio of 1%. Cracks were formed in the region of 400 mm from the face
of the column. The type of failure of HPFRCC is changed from brittle failure to ductile
failure due to high ductile and damage tolerance characteristics of ECC. It is also noticed
that HPFRCC joint experienced numerous micro cracks instead of single primary crack.
HPFRCC shows one wide crack at joint interface and fine cracks in beam. The lesser
volume PP fiber based ECC failed to arrest the rebar slippage which shows longitudinal
reinforcement slip at the back side of column as shown in Fig. 4.

Fig. 4. (a) crack pattern for normal concrete (b) crack pattern for HPFRCC (c) Pull-out crack at
the back of the column of HPFRCC specimen.

3.2 Hysteresis Behavior

Hysteresis Responses of both NC and HPFRCC specimens are shown in Fig. 5, and Table
4 summarizes first crack characteristics and ultimate load and displacement values. It is
noted that HPFRCC has shown an increase in ultimate load and ultimate displacement.
Ultimate load is increased by nearly 10% and maximum drift by 50%. After peak load,
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NC experiences sudden drop in load capacity whereas in HPFRCC shows stable and
gradually decrease in load as drift increases. Shear resistance of HPFRCC is 30% higher
than normal concrete. Figure 6 shows the load-deformation envelop over displacement of
NC and HPFRCC specimens. The curve shows that the yield strength of the HPFRCC
is higher than NC. Yield strength is assumed to be 0.8 times of peak load, and the
displacement corresponding to displacement of initial stiffness line at load 0.8 times peak
is yield displacement. Ductility is a ratio of ultimate displacement to yield displacement.
HPFRCC shows 50% higher displacement ductility as aresult of larger rotation compared
to NC.
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Fig. 6. Load displacement envelop.

3.3 Energy Dissipation

The amount of energy absorbed is an area enclosed by loops of hysteresis curve. The
longitudinal rebar slip at early stage of HPFRCC shows pinching in the hysteresis curve.
Thus, the HPFRCC shows gradual increase in energy dissipation compared to NC. The
observed cumulative energy dissipation (CED) of HPFRCC at failure is 40% larger
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Table 4. Result of test specimen

Specimen | Frist | Frist | Maximum | Ultimate load(kN) | Maximum load Ductility
1D crack | crack | drift (%) (kN) Au/Ay
load | drift Positive | Negative | Positive | Negative
(%)
NC 21.6 |1 6 28.9 —30.8 9.3 —22.7 3.05
HPFRCC |225 |1 9 29.6 -33 16.1 —33 477

than NC. Until 3% drift NC and HPFRCC dissipates same energy, but after 3% energy
dissipation of HPFRCC declines, and pinching is observed hence, after 3% no new cracks
has been observed and therefore, HPFRCC after 3% of drift fibers prevent widening of
cracks by fiber bridging action. This authenticates the efficacy of the ECC in dissipating
the energy even with lesser compressive strength (Figs. 7, 8).
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Fig. 7. (a) Relative energy dissipation (b) cumulative energy dissipation.

3.4 Stiffness Behavior

The tangent to the initial load — deflection curve shows the Initial stiffness of joint
specimens. The initial stiffness of HPFRCC is 1.6 times higher than NC, whereas the
post peak stiffness decreases rapidly in NC compared to HPFRCC. Yield stiffness is
stiffness is ratio of yield load to yield displacement. Fiber bridging action of HPFRCC
provides 1.2 times higher yield stiffness than NC. The rate of change in degradation is
more in NC than in HPFRCC which shows brittle failure and a lower rate of stiffness
reduction in HPFRCC shows ductile failure. At 6% drift HPFRCC shows 60% more
stiffness than NC (Fig. 9).
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3.5 Damage Index
According to Park et al. (1985). damage index is

ém B
D=—+
du  SuFy

dE (D

“Am” is Maximum displacement under earthquake or cyclic, “du” is ultimate deforma-
tion, “Fy” is yield strength of beam-column joint, f is strength reduction factor, for RC
structure it is 0.1 Villemure (1993). DI varies from 1 to 0. As the value increases damage
increases, 0 means no damage, and 1 is complete damage. It can be seen from the graph
that HPFRCC has more damage tolerance than normal concrete for all levels. HPFRCC
shows 70% damage when NC is completely damaged. The ductile failure behavior of
HPFRCC shows 30% higher damage tolerant than NC even without critical confinement.
Also, the absence of rebar buckling without critical confinement shows the efficacy of
the HPFRCC confinement action and damage tolerance.
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4 Joint Shear Strength Criteria for Building Codes

The joint shear strength as per Indian and Japan standards are given in the Table for
1S-13920:2016 and AIJ:2010 (Table 5).

Table 5. Code provision for shear strength of joint

Code of practice Joint Shear
1S-13920:2016 D /feAj
AIJ:2010 DnFj Aj

1 represents shape factor for joints as 0.70, 1.00, and 0.40 for exterior, interior, and
knee joints. f; is concrete cube compressive strength for IS code. Fj represents a concrete
factor in AJI-2010. confinement factor ® from code is given in the Table 6.

Table 6. Values of confinement factor ® for IS and AJI.

IS-13920:2016 | AlJ:2010

All four sides 1.5 1
Three or two sides 1.2 0.85
Other cases 1 0.85

Shear strength of the beam-column joint is based on various factors such as normal-
ized column axial stress, beam bars index, normalized vertical joint shear reinforcement,
normalized horizontal joint shear reinforcement, and most important is the compres-
sive strength of concrete Tran (2016). But in code recommendations, only compressive
strength is considered as a major factor; therefore, codes are unable to predict shear
strength of HPFRCC perfectly. Following factors are proposed especially for HPFRCC
for different types of fiber used in composite and it has resulted in increased efficiency of
code provisions. Factors are given in Table 7 and mean, standard deviation, and covari-
ance of Vj experimental/Vj code is given in Table 8 with R2 and slope of trendline of Vj
experimental vs Vj code graphs. Brief database is summarized in Annexure A.

Table 7. Modification factor

Category IS-13920:2016 AJI-2010
Hybrid 0.7 0.6

Steel fiber 0.8 0.7

ECC 0.6 0.75
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Table 8. Comparison of code recommendation and modified.

1S-13920:2016 | Modified AJI-2010 | Modified
1S-13920:2016 AJ12010
Average 0.675 1.07 0.6721 0.988
value
SD 0.086 0.157 0.0937 0.165
Covariance | 0.12 0.146 0.1394 0.165
Slope 1.42 0.88 1.448 1.09
R? 0.98 0.97 0.97 0.9
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Fig. 11. Comparison of code predicted joint shear strength with experimental database with
modification factor (a) modified 1S-13920:2016, (b) modifiedAJI-2016.

Figure 10 shows comparisons between IS-13920:2016 and AJI-2010 code prediction
of shear strength of beam column joints with HPFRCC and Fig. 11 shows modified shear
strength model for HPFRCC beam column joint. The shear strength mean is 0.675 and
0.672 respectively for IS and AIJ models with a slope of 1.42 and 1.448 respectively.
Figure 11 shows efficiency of the proposed model in estimating the joint shear strength
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of HPFRCC. It shows a mean value of 1.07 and 0.98 for modified IS 13920:2016 and
AJI 2010. The Slope of trendline is 0.88 and 1.09 respectively which is 23.86% better
than the actual model. The validation shows that the modification factors proposed are
more effective in estimating the joint shear strength of HPFRCC using various fibers.

5

Conclusion

In this study, two joints have been tested under cyclic loading to investigate damage
tolerance of HPFRCC over normal concrete. Both of the joints prepared with moderate
transverse reinforcement.

1y

2)

3)

4)

5)

HPFRCC shows improvement over failure pattern, both specimens failed in plastic
hinge region of beam with minor cracks in core of joint. Normal concrete crush
and reinforcement bar was bended but in HPFRCC wide crack forms at the face of
column but no bending or rupture of reinforcement noticed.

Damage index of HPFRCC is lower than normal concrete, Normal concrete reaches
ductility level of 4, and HPFRCC reaches to level 7. This proves that joint with
HPFRCC have more damage tolerance than normal concrete.

Relative and cumulative energy dissipation is calculated using enclosed loop area.
Average cumulative energy dissipation of HPFRCC is 1.4 times more than normal
concrete at 9% drift ratio.

Initial and yield stiffness of HPFRCC s 1.2 and 1.6 times higher than normal concrete
due to effective fiber bridging action.

Building Codes are unable to predict correct shear strength of joint for HPFRCC
joints, statistical analysis shows that proposed modification factors efficiently improv
accuracy of IS 13920:2016 and AJI 2010.

Appendix-A
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